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Abstract: We demonstrate generation of sub-100 fs pulses at 1.5 µm in a 
mode-locked erbium-doped fiber laser using a 45°-tilted fiber grating 
element. The laser features a genuine all-fiber configuration. Based on the 
unique polarization properties of the 45°-tilted fiber grating, we managed to 
produce sub-100 fs laser pulses through proper dispersion management. To 
the best of our knowledge, this is the shortest pulse generated from mode-
locked lasers with fiber gratings. The output pulse has an average power of 
8 mW, with a repetition rate of 47.8 MHz and pulse energy of 1.68 nJ. The 
performance of laser also matches well the theoretical simulations. 
©2013 Optical Society of America 
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1. Introduction 
Ultra-short pulse fiber lasers play an important role in the modern research and industrial 
applications ranging from telecom and metrology to biological/chemical applications and 
machining. Passive mode-locking is an efficient way of generating ultra-short femtosecond 
pulses. The generation of femtosecond pulses is determined by various physical effects and 
their complex interplay, such as group velocity dispersion (GVD) (and its compensation), 
self-phase modulation (SPM), gain saturation and higher-order dispersion management. 
Nevertheless, it is compulsory to have a mode locking mechanism in the cavity to facilitate 
pulse formation. To date, various mode locking elements and mechanisms have been 
developed including nonlinear polarization rotation (NPR) which utilizes the Kerr effect of 
birefringent fiber as an artificial mode locker [1,2]; semiconductor saturable absorber 
mirror(SESAM) [3,4] and carbon nanomaterials [5–9] which exploit nonlinear saturable 
optical absorption of the designated materials. The rapid development of mode-locked ultra-
short pulse fiber lasers has attracted a lot of interests due to their inherent versatility, compact 
design, and excellent heat dissipation performance. The fiber format is also very attractive 
due to the intrinsic compatibility to the telecom fiber-optic systems. It is still, though, a major 
technical challenge to find the ultimate winning solution for a saturable absorber element. The 
SESAM has an excellent performance. However, it tends to have a higher manufacturing cost, 
because a complicated molecular beam epitaxy or chemical vapor deposition system is 
required. Carbon nanomaterials based mode lockers became very popular in the past ten 
years. However, at the moment, their polymer composites are lacking high power capacitance 
while the deposition procedure is not easy to be precisely controlled with a limited 
modulation capability [10]. Polarizers are a kind of low cost and widely applied components 
for NPR mode locking [11,12]. Bulk polarizers break down the integrity of all-fiber structure, 
while other implementations of in-fiber polarizers does not take the full advantage of the in-
fiber structure showing less robustness and high insertion loss. On the other hand, the 
operation regimes of mode-locked fiber lasers have developed from conventional soliton to 
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stretched pulse, similariton [13], dissipative soliton [14], and hybrid of two different regimes 
[15] showing great potential of all-fiber laser systems. Various saturable absorbers have 
shown their capability of generating short pulse in erbium doped fiber lasers. For example, 
the shortest pulse generated through CNT is 74 fs [16]; SESAM can produce as short as 102 
fs [17], and graphene is able to achieve a mode locked erbium fiber laser with 174 fs output 
duration [18]. Among these, NPR is still the most efficient way, from which 37 fs can be 
directly generated from a erbium doped fiber laser [19]. 
45°-tilted fiber grating (45TFG) is a promising type of in-fiber polarizer based on the pile-
of-plate principle which taps out the s-light and propagates the p-light. Such device benefits 
from the all-fiber structure and low insertion loss [20,21]. The cost of such grating could also 
be low as they can be produced using standard UV inscription in SMF28 standard telecom 
fibers. Various applications have been demonstrated using 45TFG so far, such as, polarization 
dependent loss (PDL) equalizer [22,23], polarimeter [24] and in-fiber Lyot filter [25]. 45TFG 
has also been demonstrated in fiber laser applications including a single polarization CW 
fiber laser [26], soliton mode-locked erbium-doped fiber laser [27,28] and dissipative soliton 
mode-locked ytterbium doped fiber laser [29]. In this paper, we reported the shortest pulse 
duration generation using a 45TFG for NPR mode-locked erbium-doped fiber laser with sub-
100 fs pulse duration, which operates in a dissipative stretch-pulse regime [30–32] according 
to our simulations. 
2. Fabrication and characterization of the 45TFG 
 
Fig. 1. Measured (a) insertion loss of p-light and s-light; (b) PDL response of the 45TFG from 
1525 to 1608 nm range. 
The 45°-TFGs used in the experiment were UV inscribed in a conventional telecom fiber 
(SMF28) using the standard phase mask scanning technique and a 244 nm UV source from a 
CW frequency doubled Ar+ laser. The optical fiber samples were hydrogen loaded at 150 bar 
and 80°C for two days prior to the UV inscription to further enhance the fiber 
photosensitivity. The phase mask has a uniform period of 1800 nm (from IBSEN) and was 
designed to have the period pattern tilted at 33.7° with respect to the fiber axis, which would 
produce internal tilted index fringes at 45° in the fiber core with a broad radiation response 
around 1550 nm. The insertion loss and PDL of the 45°-TFG was examined by a commercial 
PDL test system (from LUNA system) incorporating a tunable laser which characterizes the 
grating in a range from 1525 nm to 1608 nm. The measured spectral range was limited by the 
wavelength range of the tunable laser. Fig. 1(a) shows the insertion loss of the 45TFG within 
the measurement range, illustrating an average ~1.7 dB insertion loss across the entire 
spectrum for p-light while a huge loss for s-light. As our previous work shown that p-light 
will have minimum insertion loss when the grating is tilted at exactly 45° [20,21], we 
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attribute this 1.7 dB insertion loss to the slight angle deviation from exact 45° tilted grating 
fringes. Further precise control of tilted angle may be able to optimize the insertion loss. Fig. 
1(b) shows the characteristic PDL of the 45TFG over a large wavelength range (~100 nm) 
that covers a typical gain bandwidth of erbium doped fiber. It is clear that the PDL depends 
on wavelength and the maximum PDL value at 1550 nm is ~30 dB. This is in contrast to a 
non-tilted fiber grating in standard fiber where no noticeable PDL can be observed. One may 
also notice that the insertion loss and PDL have a reduction in the longer wavelength. This is 
mainly due to the Gaussian-like profile of the PDL response of the grating [20,21], if the 
central wavelength of the grating is ~1520 nm, we would expect a general reduction of PDL 
in the longer wavelength region. The ripples in both the insertion loss and PDL spectra were 
owing to the refractive index mismatch between the air and cladding [21,26]. The ripples can 
be removed by immersing the 45TFG in the refractive index gel while in the experiment we 
use a thermal shrinking polymer tube to eliminate the ripples with additional mechanical 
protection as well using the heat function in a standard fiber splicer. 
3. Set-up and experimental results 
The schematic of the 45TFG mode-locked erbium-doped fiber laser is shown in Fig. 2. The 
laser consists of ~1.16 m erbium-doped fiber (EDF) with nominal absorption coefficient of 
~80 dB/m at 1530 nm and normal dispersion β2 = 66.1 ps2/km. The rest of the cavity consists 
of 0.43 m HI 1060 Flex fiber with anomalous dispersion of β2 = −7 ps2/km and 2.65 m 
standard telecom fiber with β2 = −22.8 ps2/km. Thus, the net GVD of the laser cavity is 0.013 
ps2. One polarization independent optical isolators (OIS) are used to ensure single direction 
oscillation. The fiber laser is pumped through a 980/1550 wavelength division multiplexing 
(WDM) from a grating stabilized 975 nm laser diode (LD, from 3S Photonics), which can 
provide up to 300 mW pump power. A commercial laser diode driver and controller 
(Thorlabs) are used for stabilizing the pump laser. Two in-fiber polarization controllers (PC1 
& PC2) are located before and after the 45°-TFG. Two 90:10 fiber couplers are employed to 
tap 10% of laser power out of the cavity where one is for laser outputs after the gain fiber; the 
other is located before the WDM for investigating the pulse dynamics inside the laser cavity. 
 
Fig. 2. Schematic of mode-locked ultrashort pulse fiber laser with 45TFG. The inset is sketch 
of 45TFG. 
By properly adjusting the two fiber polarization controllers in the system, stable mode-
locked pulses can be routinely found. The optical pulses have been directly fed through to a 
commercial optical autocorrelator with a nominal resolution of <1 fs without any 
amplification for pulse duration characterization. The lead fiber of the laser output port was 
cut gradually to about 2.3 m in order to optimize the obtained pulse duration. Fig. 3(a) shows 
the full-width half-maximum (FWHM) of autocorrelation trace is 127 fs corresponding to 
pulse duration of ~90 fs when Gaussian fit is assumed. Fig. 3(b) shows the optical spectrum 
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profile centered at 1575 nm for both output port and monitor port with a spectral bandwidth at 
FWHM of ~54 nm, thus giving a time-bandwidth product of ~0.58, indicating the compressed 
Gaussian pulse is a little beyond the transform limited. We attribute it to the third-order 
dispersion of the laser cavity and the outside fiber for compression. With the measured pulse 
duration and spectra width of the compressed pulse, the calculated pulse duration at the 
output point of the laser cavity is 2.4 ps. A typical pulse train is shown in Fig. 3(c) with a ~21 
ns interval between two adjacent pulses, giving a repetition rate of ~47.8 MHz. We attribute 
the slight amplitude variation in the pulse trains to the Q-switching component in the mode 
locked laser because Q-switching was observed when the pump power was below the mode-
locking threshold. Furthermore, fine polarization adjustment through the polarization 
controller may also reduce this amplitude variation. The output pulse power is 8 mW, which 
corresponds to the output energy of ~1.68 nJ. Fig. 3(d) shows the RF spectrum of laser at 
fundamental frequency showing a high signal to noise ratio of ~65 dB. The laser is stable 
under laboratory condition for >24 hours. Although many modern mode-locked lasers provide 
higher energy pulses with shorter durations, here we have realized the genuine all-fiber mode-
locked ultrashort laser using the 45°-TFG. It is noted that the output spectra from the different 
ports have almost the same spectral profile and width, except distinct power difference. Since 
the net GVD is slightly normal, the laser works in a dissipative stretch-pulse regime, which 
will be validated in our simulations. 
4. Simulations 
To understand the main features of pulse evolution in this fiber laser, we performed a 
numerical simulation of the laser based on the modified nonlinear Schrödinger equation with 
the standard split-step Fourier method: 
 ( ) ( )
22 3
22 3
2 2 2 3
1
2 6 2 R
AA i A AigT i A A g a A i T A
z TT T
ββ γ γ ∂∂ ∂ ∂= − + + + + − +
∂ ∂∂ ∂
 (1) 
here A  is the slowly varying amplitude of the pulse envelop, z and T  are the propagation 
and time delay parameters, 2β  and 3β  are the second- and third-order dispersion, and γ  is 
the nonlinear parameter. The gain is described by ( )0 1 satg g E E= + , where 0g  is the small 
signal gain (corresponding to 30 dB in power), E  is the pulse energy, and satE  is the gain 
saturation energy. 2T  is the dipole relaxation time, RT  is related to the Raman effect, and α is 
the loss in the cavity. To initiate and sustain mode locking of the fiber laser, the nonlinear 
polarization rotation technique is used in our laser design. Here the mode-locking regime for 
the sake of clarity is modeled by a simple transfer function: ( )01 1trans satT l P P= − + , where 
0l  is the unsaturated loss, P  is the pulse power, and satP  is the saturation power. We would 
like to point out that we do not aim here at the comprehensive comparison of numerical 
modeling and experiments and intentionally consider simplified description of some key 
effects. Instead, we would like to highlight using this simple model to study the main features 
of generated pulse propagation regime. 
The numerical model is solved with a standard symmetric split-step beam propagation 
algorithm, and the initial field is white noise. The parameters used in the numerical 
simulations are the same as their experimental values. In the simulation, the saturation power 
satP  is set as 835 W, satE  is 1.21 nJ, and RT  is 5 fs. The evolutions of pulse duration and 
spectral width in the cavity are shown in Fig. 4(a). It can be seen that that the maximum pulse 
duration is reached after the gain fiber, both the NPE effect and the anomalous dispersion of 
the SMF have the contribution of temporal compensation. The corresponding maximum pulse 
energy in the cavity is in the end of gain fiber and then it is coupled out of the cavity after the 
saturable absorber. For the spectral domain, the spectral width increases in the beginning part 
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of the gain fiber, and shrinks in the rest part of the gain fiber due to gain filtering and 
saturation effects. The spectral broadening occurs in the SMF section. 
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Fig. 3. Measured characteristics of laser (a) autocorrelation trace (black line) and its Gaussian 
fitting (red dotted line), (b) optical spectra of both output (black line) and monitor (red dotted 
line) ports; (c) pulse trains; (d) RF spectrum. 
The simulated spectrum and pulse are shown in the Fig. 4(a) and 4(b). The simulated 
spectral width is 54.8 nm. And the simulated pulse duration is 2.6 ps respectively, which 
agrees with the estimated value according to our measured pulse duration after compression 
with SMF. There is a difference between the simulated and experimental spectral profiles, 
which we reckon is due to the simplified simulation model used. However, the whole pulse 
evolution within the cavity generally agrees with the experiment. According to our simulation 
results, the pulses in the whole cavity are always positively chirped because the net cavity 
GVD is normal. Meanwhile, the cavity is dispersion-managed, the pulse duration and spectral 
width present the typical “breath” feature. Therefore, the laser operates under the dissipative 
stretch-pulse regime [26–28]. The pulse duration of the current laser setup is limited by the 
high order dispersion, nonlinearity and total dispersion of the cavity. We believe by further 
decreasing the total dispersion, fiber length and proper high order dispersion management, 
even shorter pulse duration could be achieved. 
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Fig. 4. (a) The simulated evolutions of pulse duration and spectral width along the cavity (the 
experimental output and monitor ports are indicated with grey lines), the simulated output (b) 
spectrum (blue real line, the black dashed line is experimental spectrum), (c) pulse (red line) 
and its Gaussian fitting (black dashed line). 
5. Conclusions 
We have demonstrated sub-100 fs pulse generation at 1.5 µm from a mode-locked erbium-
doped fiber laser by using a 45°-tilted fiber grating device. The utilization of 45°-tilted fiber 
grating with the unique polarization property renders a compact and integrative all-fiber 
configuration. The dispersion management with net normal dispersion leads to the operation 
of dissipative stretch-pulse. To the best of our knowledge, the output pulse with pulse 
duration of 90 fs is the shortest pulse from fiber lasers using fiber grating for mode locking. 
This proves furthermore that the 45°-tilted fiber grating element is an effective and cost-
efficient alternative for convention polarizers. The simulations agree rather well with the 
experimental results. 
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